It has been hypothesized that dietary nitrite augments the antimicrobial activity of gastric acid after conversion to nitric oxide and other reactive nitrogen intermediates, thus resulting in increased resistance against gastrointestinal infection. In this study, we showed that the reducing agents ascorbic acid and glutathione reduced the activity of acidified nitrite against Yersinia enterocolitica (P < 0.001). In contrast, iodide and thiocyanate increased the antimicrobial activity (P < 0.001), whereas hydroxyacids (citrate, lactate, and tartarate) had no measurable effects.
Nitrate is a natural component of many foods, particularly vegetables, fruits, and cured meats (1) . Dietary nitrate is absorbed in the intestine (23) , transported in the blood, actively taken up and concentrated in the salivary glands (20, 21) , and then reduced to nitrite by oral nitrate-reducing bacteria (14, 15) . Recent in vitro studies showed that the activity of stomach acid against food-borne pathogens might be increased by up to 100-fold by physiological salivary concentrations of nitrite (3) . A variety of reactive nitrogen compounds are formed from nitrite in acidic conditions and have been proposed to be the chemical species responsible for killing bacteria in normal human stomach. These compounds include nitrous acid, peroxynitrite, nitrogen dioxide, and, most frequently, nitric oxide (NO) (2, 5, 12 ).
An increase in NO generation would be expected to augment the antimicrobial activity of acidified nitrite. Ascorbic acid (vitamin C) has been shown to increase the formation of NO from nitrite (17) . Other reducing agents, such as glutathione, which are also found in food and gastric secretions, are thought to increase NO production (9) . Iodide and thiocyanate are transported competitively into the salivary glands by the same transport mechanism as nitrate (8) , and Dykhuisen et al. (6) demonstrated enhanced antibacterial activity of acidified nitrite in vitro when thiocyanate was also added.
Certain hydroxyacids, such as citric acid (13) and lactic acid (11) , are frequently added to foods as preservatives and are known to have antimicrobial activities. Therefore, these may augment the activity of the stomach acid. In the study reported here, the effect of selected chemicals found in food and/or salivary and stomach secretions on the antimicrobial activity of hydrochloric acid (HCl) was assessed in vitro in both the presence and absence of nitrite.
An isolate of Yersinia enterocolitica from a patient was used as a test organism and stored at Ϫ20°C prior to use in experiments. Microbial colonies grown on nutrient agar plates were transferred to nutrient broth (in 75-ml conical flasks) and regrown on a shaker incubator overnight before being used in assays. Bacterial density in the inoculum suspension was adjusted to give 2 ϫ 10 7 CFU/ml. Bacterial cells were exposed to acidified nitrite and a range of other compounds in a standard microwell plate assay. First, 50 l of 2.6% nutrient broth (nitrite levels below 10 M) was added to each well of a 96-well microwell plate (Quality Plastics, Camlab Ltd., Cambridge, United Kingdom) followed by 30 l of KCl-HCl buffer. Then 50 l of the solutions of different compounds, either L-ascorbic acid (Sigma Chemical Co., St. Louis, Mo.), glutathione (Sigma Chemical Co.), potassium thiocyanate (Sigma Chemical Co.), potassium iodide (Sigma Chemical Co.), citric acid (Analar analytical reagent; BDH Chemical Ltd., London, United Kingdom), lactic acid (Analar analytical reagent; BDH Chemical Ltd.), or tartaric acid (Sigma Chemical Co.), was added into the wells. Finally, 50 l of potassium nitrite (Sigma Chemical Co.) was added at a range of concentrations, followed immediately by transfer of 20 l of the Y. enterocolitica suspensions to the microwells. The microwell plates were incubated at 37°C, and after being exposed for a specific length of time, 20 l samples of bacterial suspension (2 ϫ 10 6 CFU) were transferred to plates containing 180 l of nutrient broth serving as recovery plates to allow regrowth of viable bacterial cells.
The recovery plates were then placed in an incubator shaker (New Brunswick Scientific Co., Edison, N.J.) at 37°C for 24 h. Regrowth of bacteria in the recovery plates was measured as optical densities at 570 nm by using a microplate reader (MRX Dynatech Medical Products Ltd., West Sussex, England). It was assumed that all the bacteria had been killed during exposure to the different mixtures of chemicals if they failed to regrow on the recovery medium.
The concentrations of chemicals tested were 0, 125, 250, 500, 750, and 1,000 M, except for those of thiocyanate, for which concentrations of 0, 25, 50, 125, 250, and 500 M were used. Each of these concentrations was tested in combination with a range of nitrite concentrations (0, 125, 250, 375, 500, 750, 875, or 1,000 M). Minimum bactericidal concentrations (MBCs) for exposure times of 10, 15, and 20 min for solutions adjusted to pH 2; 1, 2, 4, and 6 h for solutions adjusted to pH 4 or 6; and 12, 18, and 24 h for solutions adjusted to pH 5 (depending on bacterial survival) were investigated.
Statistical analyses were carried out using the SPSS version 11.0 statistics package (Chicago, Ill.). The effects of different concentrations of the different chemicals (independent variables) on the MBC of nitrite (MBC nitrite ) (dependent variable) were analyzed using analysis of variance and regression analysis. Comparison of the effects of different independent variables was done using Student's t test.
Data were presented in terms of both 50% inhibitory concentrations (IC 50 ), defined as the reduction of bacterial viability to 50% of control (Fig. 1) , and the MBC nitrite (Ն99.99% of cells killed) (Fig. 2) , all in triplicate. IC 50 s (in M) were calculated from linear equations of each replicate using percent growth inhibition converted from optical densities using the equation percent growth ϭ (A x /A o )100, where A x is absorbance in the presence of test compounds and A o is absorbance corresponding to cell solutions without added chemicals (control). Finally, parameters for linear regression equations from curve estimation were developed to compute IC 50 values.
MBC was defined as the lowest concentration of nitrite at which resumption of growth was not detected after transfer of 2 ϫ 10 6 exposed bacterial cells into recovery media. Comparative effects of the tested physiologically active nutrients on the MBC nitrite are presented in Fig. 2 . Ascorbic acid increased the MBC nitrite at pH 2. For example, when Y. enterocolitica was exposed for 20 min to exposure media at pH 2, the concentration of nitrite needed to kill bacteria increased (P Ͻ 0.001) from about 292 M in wells without ascorbic acid to Ͼ1,000 M in the presence of 1,000 M ascorbic acid. Based on results from a further investigation with ascorbic acid, the interaction of nitrite and ascorbic acid was significant at pH 2 and 4 but not at pH 5 (data not shown). The time required to achieve bacterial kill increased to between 2 and 6 h at pH 4 and to between 6 and 24 at pH 5, compared to 20 min at pH 2. Glutathione also reduced the antimicrobial activity of acidified nitrite. For example, the average MBC nitrite increased from 42 M (without glutathione) to 834 M (in the presence of 1,000 M glutathione) at 20 min of exposure time.
The comparative effects of the physiologically active nutrients on the IC 50 (with respect to nitrite) are presented in Fig.  1 . Most frequently, 500-M-or-higher concentrations of gluta-FIG. 1. Time-and concentration-dependent effects of physiologically active compounds on antibacterial effects of acidified nitrite. Y. enterocolitica cells were grown first on nutrient agar for 24 h and then in nutrient broth overnight in a 75-ml conical flask while being shaken (120 rpm) in an incubator shaker at 37°C. The bacterial cells were adjusted to 2 ϫ 10 7 CFU/ml and plated out in 96-well plates. A concurrent addition of KCl-HCl buffer (pH 2), nitrite, and either glutathione, vitamin C, iodide, or thiocyanate was made into each well. Exposed bacterial cells were rescued by transferring 20 l from each well to 180 l of fresh media. Finally, bacterial cell density was determined from optical density. The means are from three independent determinations. Linear curves were first constructed for each replicate using percent growth inhibition as a dependent variable and the dose concentration of nitrite as an independent variable. IC 50 s (M) were computed from the regression equations. The antibacterial activity of acidified nitrite was significantly reduced by ascorbic acid and glutathione and was potentiated by thiocyanate and iodide. Bacteria were unable to survive in a concurrent exposure to acidified nitrite and thiocyanate for more than 5 min, and the susceptibility curve for 5 min is shown in the figure. The effects of physiologically active compounds on bacterial growth were time and concentration dependent.
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thione significantly reduced the antimicrobial effects of acidified nitrite by significantly increasing the IC 50 of nitrite. For example, the IC 50 was increased from 450 M in the absence of glutathione to 1.3 mM in the presence of 1 mM of glutathione after 10 min of exposure. Up to about a fourfold increase in the IC 50 of nitrite was determined in 15 min of exposure. Similarly, three-to sixfold increases in the IC 50 of nitrite resulted from concurrent exposure of bacteria to combinations of acidified nitrite and ascorbic acid. For instance, the IC 50 of nitrite was increased from 178 to 1.15 mM after the addition of 1 mM ascorbic acid. The concentration-dependent antimicrobial effect of acidified nitrite was dramatically increased by iodide and thiocyanate, thiocyanate having a stronger effect. In the concurrent exposure of bacterial cells to acidified nitrite and thiocyanate, for instance, survival of bacterial cells was limited to only 5 min of exposure and 250 M of thiocyanate ( Fig. 1 and 2 ). Microbial survival of 10 min or longer was rarely observed with the addition of thiocyanate to acidified nitrite. A synergistic antimicrobial effect of iodide with acidified nitrite was observed. For instance, the IC 50 was reduced from 346 to 8 M after addition of 1 mM iodide (P ϭ 0.001).
The killing of bacteria by acidified nitrite was attributed to the production of NO and other reduced nitrogen compounds, but enhancing the production of NO by the addition of glutathione or ascorbic acid (16, 17, 19, 22) did not result in an increase in antibacterial activity but instead resulted in a significant decrease. This finding contradicts the existing hypothesis that NO is the main chemical species responsible for the increase in antimicrobial activity of acidified nitrite solution. Clearly, further studies are required to precisely identify the chemical species contributing to the increased antimicrobial activity of acidified nitrite.
Ascorbic acid secretion into the stomach is reduced in patients with gastroenteritis (17) . Similarly, the ratio of reduced glutathione to oxidized glutathione in patients with gastric carcinoma and ulcer diseases is reduced, indicating an increased glutathione turnover (10) which may show a physiological response designed to augment the antimicrobial activity of the stomach fluid or the host defense system.
Iodide or thiocyanate increased the antimicrobial activity of acidified nitrite. Comparing the means of the MBC nitrite , analysis of variance (Duncan's multiple range test) showed a significant decrease with increasing iodide or thiocyanate concentrations and exposure times (P Ͻ 0.001). For example, the average MBC nitrite was reduced from about 1,000 M (without iodide) to about 250 M (in the presence of 1,000 M iodide) and from about 1,000 M (without thiocyanate) to 0 M (in the presence of as low as 125 M thiocyanate) (Fig. 2) . Without the addition of nitrite, 50 M of thiocyanate was sufficient to kill Ͼ99.99% of bacterial cells within 15 min. At equimolar concentrations, the increase in antimicrobial activity was significantly higher for thiocyanate than for iodide (P Ͻ 0.001). Both iodide and thiocyanate are concentrated in salivary glands at up to 30 and 20 times, respectively, the concentration found in plasma (4, 8) . In comparison, nitrate is concentrated to levels 10 times that found in plasma. Previous studies have demonstrated that iodide, thiocyanate, and nitrate uptake into the salivary glands is facilitated by the same active transport mechanism. This finding and the additive effect of the compounds in enhancing bacterial killing may represent a common physiological role of the three compounds in host defense.
Hydroxyacids (citric acid, lactic acid, and tartaric acid) had no effect on the bactericidal activity of acidified nitrite at concentration ranges between 0 and 1 mM. Though similar works done on the bactericidal activity of these compounds is scarce, Ruzickova (18) reported that up to 0.2% of citric acid inhibited the growth of Salmonella enteritidis in a defined medium at acidic conditions. Similarly, 3% lactic acid showed high bactericidal activity against Y. enterocolitica and other bacterial species when applied to pork fat (12) . Clearly, the concentrations used in these studies is higher than the physiological concentrations tested in this study. These hydroxyacids are, therefore, unlikely to affect the stomach disinfecting system.
The findings of this study are in agreement with the findings of Dykhuizen et al. (6) , who tested a panel of enteric bacterial pathogens. Helicobacter pylori is one of the important enteric bacteria that is also susceptible to physiological toxicity of acidified nitrite (7) . The susceptibility of bacterial pathogens to metabolites of dietary nitrate is more complex in vivo because of the reactivity of nitrogen intermediates in the presence of other physiological substances. Thus, this in vitro study provided relevant evidence for further studies to validate of the health benefit of nitrate when it is ingested with fruits and vegetables, which also contain both ascorbic acid and glutathione.
The overall results of this study demonstrate that a wide range of dietary compounds or salivary and gastric secretions, including nitrite, ascorbic acid, glutathione, iodide, and thiocyanate, affect antimicrobial activity in the stomach and the nonimmunological host defense mechanism.
